Ten-year ground exposure of composite materials used on the Bell Model 206L helicopter flight service program by Baker, Donald J.
NASA Technical Paper 3468
ARL Technical Report 480
Ten-Year Ground Exposure of Composite
Materials Used on the Bell Model 206L
Helicopter Flight Service Program
Donald J. Baker
Vehicle Structures Directorate
U.S. Army Research Laboratory
Langley Research Center • Hampton, Virginia
National Aeronautics and Space Administration
Langley Research Center • Hampton, Virginia 23681-0001
September 1994
https://ntrs.nasa.gov/search.jsp?R=19950005944 2020-06-16T09:45:34+00:00Z
The use of trademarks or names of manufacturers in this
report is for accurate reporting and does not constitute an
official endorsement, either expressed or implied, of such
products or manufacturers by the National Aeronautics and
Space Administration or by the U.S. Army Research Laboratory.
This publication is availal)le from the following sources:
NASA Center for AeroSpace Information
800 Elkridge Landing Road
Linthicum Heights, MD 21090-2934
(301) 621-0390
National Technical Information Service (NTIS)




Residual strength results are presented for four composite material
systems that have been exposed for up to 10 years to the environment at
five different locations on the North American Continent. The exposure
locations are near where the Bell Model 206L helicopters, which participated
in a flight service program sponsored by NASA Langley Research Center
and the U.S. Army, were flying in daily commercial service. The composite
material systems are (1) Kevlar-_9 fabric/F-185 epoxy; (2) Kevlar-_9
fabric/LRF-277 epoxy; (3) Kevlar-_9 fabric/CE-306 epoxy; and (4) T-300
graphite/E-788 epoxy. Six replicates of each material were removed and
tested after 1, 3, 5, 7, and 10 years of exposure. The average baseline
strength was determined from testing six as-fabricated specimens. More
than 1700 specimens have been tested. All specimens that were tested to
determine their strength were painted with a polyurethane paint. Each set
of specimens also included an unpainted panel for observing the weathering
effects on the composite materials. A statistically based procedure has been
used to determine the strength value above which at least 90 percent of
the population is expected to fall with a 95-percent confidence level. The
computed compression strengths are 80 to 89 percent of the baseline (no-
exposure) strengths. The resulting compression strengths are approximately
8 percent below the population mean strengths. The computed short-beam-
shear strengths are 83 to 92 percent of the baseline (no-exposure) strengths.
The computed tension strength of all materials is 93 to 97 percent of the
baseline (no-exposure) strengths.
Introduction
Tile influence of moisture on the long-term
strength and stiffness of advanced composite mate-
rials and aircraft components made from these ma_
terials is an on-going concern of aircraft designers
and maimfacturers. As a result of moisture and
other operational concerns, NASA Langley Research
Center and the U.S. Army initiated flight and
ground-based environmental effects programs to as-
sess the performance of advanced composite mate-
rials and structures subjected to normal operating
environments. Primary and secondary structural
components have been in service on transport air-
craft since the early 1970's. The first major hell-
copter flight service program, initiated in 1978, in-
cluded tim installation of three Kevlar-49t/epoxy
components and one graphite/epoxy component on
the Bell Model 206L helicopter. These components
were Federal Aviation Administration (FAA) ccrti-
fled and flown in commercial service. Because most
helicopters spend a considerable portion of their ser-
vice life on or near the ground, a series of coupon
tests were performed to assess the long-term effects
1Kevlar-49 is a registered trademark of E. I. du Pont
de Ncmours & Co., Inc.
of ground-based environments on the composite ma-
terials used on the Bell Model 206L components.
The locations selected for the ground-based speci-
men exposure sites are m the general areas where the
coinposite components are being flown in service.
This paper presents a summary of residual
strength test results of all specimens that have been
exposed for up to 10 years. Detailed test results for
specimens that have been exposed for 7 and 10 years
are included in the appendix. Detailed results for
specimens exposed for the first, 5 years of the 10-year
program are presented in reference 1.
Exposure Specimens
Coupon specimens have been exposed at live lo-
cations on the North American Continent, as shown
in figure 1. The selected areas include a hot, humid,
salt-spray environment (Cameron, Louisiana, and an
offshore oil platform in the Gulf of Mexico), a cold
environment (Fort. Greely, Alaska); a cold, damp,
pollution-prone environment (Toronto, Canada); and
a mild, humid environment (Hampton, Virginia).
The selected locations are in the general are_ where
helicopters with the composite components are be-
ing flown in service. Each location contains one
rack, as shown in figure 2. The racks were installed
in 1980,andeachrackcontainsfive traysof speci-
mens.A tray of specimenscontains24eachof ten-
sion, short-beam-shear(SBS)and Illinois Institute
of TechnologyResearchInstitute (IITRI) compres-




paint (IMIRON2) that is usedon the flight ser-
vice helicopters. Specimengeometryis givenin
reference1.
The four compositematerial systemsin the
ground exposure program are as follows:(1) Kevlar-49 fabric (style 281)/F-1853epoxy
[O.f/45.f/O.f]s;(2).Kevlar-49 fabric (style 120)/
LRF-2774epoxy [Of/9Of/=t=45f].s;(3) Kevlar-49
fabric (style 281)/CE-3065epoxy [Of/90.f]s;and
(4)T-300graphited/E-7887epoxy[0/=k45/0]s.The
F-185andthe LRF-277are250°Fcureepoxysys-
tems.TheCE-306 is a 250°F cure epoxy system that
was cured at 200°F for 5 hr for this application. The
E-788 is a 350°F cure epoxy. Style 281 Kevlar-49
fabric, which is a plain weave fabric with 17 ends/in.
of 1140 denier yarn in each direction, has a weight
of 5.0 oz/yd 2. Style 120 Kevlar-49 fabric, which is
a plain weave fabric with 34 ends/in, of 195 denier
yarn in each direction, has a weight of 1.8 oz/yd 2.
The specimens used for moisture determination
were cut from the tested tension specimens. A
0.5-in-long section was cut from the, undamaged area
of the tension specimens as soon as possible after
test completion. The paint was removed by sanding,
using caution not to remove an excessive amount of
the outer ply. Each specimen was weighed after the
paint was removed. A 0.5-in-long specimen was also
removed from the unpainted exposure specimens and
weighed prior to being used for moisture determina-
tion. All specimens were stored in sealed plastic bags
between different operations.
Test Methods
Each tray of specimens was in a sealed plas-
tic bag when it was received at NASA Langley
2IMIRON is a trademark of E. I. du Pont de Nemours &
Co., Inc.
3F-185 is manufactured by Hexed Corporation.
4LRF-277 is manufactured by Brunswick Corporation.
5CE-306 is manufactured by Ferro Corporation.
6T-300 is manufactured by Ammoco Performance
Products, Inc.
7E-788 is manufactured by U.S. Polymetric Company.
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Research Center. The trays remained in the sealed
bag until testing was initiated. All tests were per-
formed at room temperature on six replicates for
each specimen type. The tests were performed in
accordance with the following American Society for
Testing and Materials (ASTM) standards (ref. 2):
(1) Tension-D3039-(76); (2) SBS-D2344-(76); and
(3) Compression-D3410-(75) using the IITRI test
fixture.
The specimens used for moisture determination
were placed in a vacuum oven at 140°F. Each spec-
imen was weighed periodically to determine weight
loss as a function of drying time.
Data Analysis
Statistically based mechanical properties have
been defined for each of the materials used in
this environmental exposure program. A proce-
dure for determining statistically based mechani-
cal properties for composite materials is detailed in
MIL-HDBK-17-1C (ref. 3). The material used in the
exposure program will not meet all the requirements
of MIL-HDBK-17-1C because a minimum of five lots
of nmterial were required in the data sample, and ini-
tial material inspection requirements were added to
the handbook after this environxnental exposure pro-
gram was initiated. Although all the requirements
of MIL-HDBK-17-1C cannot be maintained, a final
mechanical property value can be determined. At
least 90 percent of the population of values is ex-
pected to exceed this final value with a 95-percent
confidence interval. This final value is normally con-
sidered the B-basis value. For this report, the B-basis
value will be called B-value because all the require-
ments in MIL-HDBK-17-1C for a B-basis value can-
not be fulfilled. A step-by-step method for selecting
the appropriate computational method is outlined in
MIL-HDBK-17-1C, and this method contains proce-
dures that evaluate several different statistical mod-
els and determines which model, if any, adequately
describes the data. The procedures include meth-
ods for detecting outliers, testing the compatibility
of several batches of data, and investigating the form
of the underlying population from which a sample is
drawn.
A flowchart of the statistical procedure used in
the present report is shown in figure 3, and a step-
by-step statistical procedure for data analysis is as
follows:
1. The sample data should be visually inspected
for observations that are suspected of being
outliers. Each sample is analyzed to deter-
mine potential outliers using the maximum
"normed" residual outlier test. The computed
statisticis comparedwith the criticalstatis-
tic for the samplesizeat a 0.05significance
level.If thecomputedstatisticisgreaterthan
the critical value,the data are reviewedfor
possible rrors;otherwise,goto thenextstep.
2. The k-sample Anderson-Darling test is used
to test the hypothesis that the mechanical
property data from different samples are in-
dependent random samples of the same pop-
ulation. The calculated test statistic is com-
pared with the critical value for the sample
size at a 0.05 significance level. If the test
statistic is less than the critical value, the sam-
ples should be treated as a single population,
and the pooled data should be checked for out-
liers (step 4). If the calculated test statistic is
equal to or greater than the critical value, it is
concluded that the samples are not identically
distributed, and the equality-of-variance test
(step 3) should be performed.
3. Tile equality-of-variance test is used to test
tile hypothesis that the variances of the pop-
ulations from which two or more independent
random samples were taken are equal. The
computed statistic is compared with the
0.95 quantile of a (hi-square distribution. If
the test does not reject the hypothesis that the
variances are equal, then the one-way analysis
of variance random effects method (ANOVA)
should be used to compute the B-value. If
the test is rejected, then a currently approved
method for computing tile B-value allowables
does not exist. If this ()(:curs, the sources of
variability shouhl be investigated.
4. The pooled data shoukt also be visually in-
spected for observations suspected of being
outliers. The pooled data are analyzed with
the statistical outlier procedure (step 1) using
a significance level of 0.05 to identify potential
outliers. If tile test indicates that outliers may
exist, tile data should be checked for possible
errors; otherwise, go to the next step.
5. The pooled data are analyzed to determine
the best fit to several statistical distributions.
These tests yieht an observed significance level
(OSL) for each of the distributions. The
OSL measures tile probability of observing an
Anderson-Darling statistic as extreme as the
value that is calculated by assuming that the
given distribution is tile correct one. The test
is applied sequentially to the two-parameter
Weibull, normal, and lognormal distributions.
If the OSL is greater than 0.05, the distri-
bution tested should be used to compute the
B-vahm. If none of the OSL tests exceeds 0.05,
a nonparametric procedure is used to compute
the B-vahm.
The first assumption for determining the statis-
tically based strength is to assunle that tile popu-
lation of data includes tile baseline data and all tile
exposure data for each material system. Each sample
of the population is considered to be the data from
one exposure site at. one exposure time. This ap-
proach will give a population of 120 data points from
20 samples.
Results and Discussion
The exposure racks at Hampton, Virginia,
Toronto, Canada, and Ft. Greely, Alaska (fig. 1),
have been exposed to ground conditions for 10 years.
The exposure racks at Cameron, Louisiana, and on
the offshore oil platform in the Gulf of Mexico were
exposed for 3 years before being lost to hurricanes
in 1985. All data shown for 1 and 3 years of expo-
sure are from five exposure sites, and data for 5, 7,
and 10 years of exposure are from the three remaining
sites. The paint on the specimens inaintained its in-
tegrity for the duration of the program. The baseline
strengths for tile as-fabricated specimens are given in
reference 1.
Residual Compression Strength
Compression tests of the composite materials
were conducted using the IITRI specimen to deter-
mine the effect of exposure and exposure site on the
residual compression strength. The mean compres-
sion failure strength and the standard deviation for
each exposure time and exposure site are given in ta-
bles 1 through 4. The residual compression strength
as a function of the exposure time and the exposure
h)eation are presente(t in figures 4 through 7. The
residual strength shown in the figures is the ratio of
the mean failure stress to the mean baseline con>
pressive strength for tile material. Each figure also
shows tile scatter t)and in baseline strength for each
material.
Kevlar-_ 9//F-185. Residual compression strength
results for Kevlar-49/F-185 epoxy material are shown
in figure 4. The effects of exposure location (fig. 4) in-
dicate an 11-percent variation in strength after 1 year
of exposure, a 7-percent variation after 3 years of ex-
posure, and a 3-percent variation after l0 )'ears of ex-
posure. The material exposed at Ft. Greely, Alaska,
had the lowest strength for all exposure times. The
average strength for all exposure sites indicated a
3-percent loss for 1 year of exposure; this loss in-
creased to an 8-percent loss for 10 years of exposure.
Thestatisticalprocedurejust notedwasappliedto
all the data for Kevlar-49/F-185materialtestedin
compression.Nooutlierswereobservedin anyofthe
20samples.ThecomputedAnderson-Darlingstatis-
tic of 2.91exceededthecriticalvalueof 1.28;there-
fore,thesampledistributionsdiffersignificantly.The
computedtest statisticfor the equality-of-variance







Kevlar-_ 9/LRF-277. Residual compression
strength results for the Kevlar-49/LRF-277 epoxy
material are shown in figure 5. These results indicate
a 6- to 17-percent reduction in strength after 1 year of
exposure, and they also show that approximately the
same strength loss was maintained for the remainder
of the exposure time. The effect of exposure site
location accounted for approximately a 10-percent
difference in the strength loss. After 7 years of ex-
posure, the material exposed at Hampton, Virginia,
had a maximum strength loss of 17 percent, while
the material exposed at Toronto, Canada, exhibited
a minimum strength loss of 8 percent. The statistical
procedure was applied to all the Kevlar-49/LRF-277
material tested in compression. No outliers were
observed in any of the 20 samples. The computed
Anderson-Darling statistic of 2.52 exceeded the crit-
ical value of 1.28; therefore, the sample distributions
differ significantly. The computed statistic for the
equality-of-variance test is 24.84, which is less than
the critical value. Because the within-samples vari-
ances are not significant for the 0.05 significance level,
the ANOVA method was used to compute the B-
value of 17.8 ksi. The B-value and the minimum,
maximum, and standard deviation values for the
population are given in table 5.
Kevlar-4 9/CE-306. Residual compression
strength results for Kevlar-49/CE-306 epoxy mate-
rial are shown in figure 6. These results indicate a
2-percent loss in average strength after 1 year of ex-
posure, and they show an increase to 4 percent after
10 years of exposure. The effect of exposure loca-
tion site was evident after 1 and 3 years of exposure
(with the strengths varying 11 percent each). The
statistical procedure was applied to all the material
tested in compression. One outlier was indicated in
a sample of data. This outlier is within the maxi-
mum, and minimum values of the total population.
The computed Anderson-Darling statistic of 1.56 ex-
ceeded the critical value of 1.28; therefore, the sam-
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pie distributions differ significantly. The computed
test statistic for the equality-of-variance test is 18.87,
which is less than the critical value of 30.14. Since the
within-samples variances are not significant for the
0.05 significance level, the ANOVA method was used
to compute the 16.3 ksi B-value. The B-value and the
minimum, maximum, and standard deviation values
for the population are given in table 5.
T-3OO/E- 788. Residual compression strength
results for the T-300 graphite/E-788 epoxy material
are shown in figure 7. The results do not indicate
any significant trends with exposure time. The aver-
age residual strength loss did not exceed 6 percent.
Specimens removed after 3 years of exposure indi-
cated a 10-percent variance caused by exposure loca-
tion, and the variance of specimens at other exposure
times ranged from 2 to 7 percent. The statistical
procedure was applied to all the material tested in
compression. Two outliers were indicated in two dif-
ferent samples. Further investigation indicated that
both outliers were within the minimum and maxi-
mum values of the total population. The computed
Anderson-Darling statistic of 1.57 exceeded the crit-
ical value of 1.28; therefore, the sample distributions
differ significantly. The computed test statistic for
the equality-of-variance test is 23.04, which is less
than the critical value of 30.14. Since the within-
samples variances are not significant for the 0.05 sig-
nificance level, the ANOVA method was used to
compute the 111.0 ksi B-value. The B-value and the
minimum, maximum, and standard deviation values
for the population are given in table 5.
The compression strengths of the exposed ma-
terials have been determined by a statistical pro-
cedure defined in MIL-HDBK-17-1C to determine
the B-value allowables of composite materials. The
resulting strengths, designated B-values, are 80
to 89 percent of the baseline (no-exposure) strengths.
The resulting strengths are approximately 8 percent
below the mean strengths.
Residual Short-Beam-Shear Strength
Short-beam-shear (SBS) tests of the composite
materials were conducted to determine the effects
of exposure and exposure site on the residual SBS
strength. The mean SBS strength and the stan-
dard deviation for each exposure time and exposure
site are given in tables 6 through 9. The resid-
ual SBS strength as a function of the exposure tinm
and the exposure location are presented in figures 8
through 11. The residual strength shown in the fig-
ures is the ratio of the mean failure stress to the mean
baseline SBS strength for the material type.
Kevlar-_9/F-185. Residual SBS strength re-
sults for Kevlar-49/F-185 epoxy material are shown
in figure 8. The effects of exposure location indicate
a 10-percent variation in strength at 1 and 5 years
of exposure, while the variability was 3 to 5 per-
cent for the other exposure times. The average loss
of strength after 10 years of exposure was 5 per-
cent. No signifcant trends were observed during
the exposure time. The statistical procedure just
noted was applied to all the data for Kevlar-49/F-185
material tested for SBS strength. Three outliers
were determined in three different samples. Two
of the outliers were within the data limits for the
population. The other outlier determined the min-
imum data value for the population, and it is ap-
proximately 0.4 ksi lower than tile next data value.
Review of the test data did not indicate a reason
for these data to be excluded from the population.
The computed Anderson-Darling statistic of 1.92 ex-
ceeded the critical value of 1.28; therefore, the sam-
pie distributions differ significantly. The computed
test statistic for the equality-of-variance test is 51.28,
which is greater than tile critical value of 3{}.14.
These data have failed the equality-of-variance test.
The within-samples variances are significant for the
0.05 significance level. Tile MIL-HDBK-17-1C cur-
rently does not have an approved method for com-
puting the B-value when the equality-of-variance test
fails. Passing the equality-of-variance test is one of
the assumptions required for the ANOVA method.
The MIL-HDBK-17-1C suggests that the ANOVA
method can often be applied successfldly when this
assumption is not inet. Using the ANOVA method,
the B-value computed is 5.40 ksi, and it and the min-
imum, maximum, and standard deviation values for
the population are shown in table 10. The computed
value of 5.40 ksi is acceptable at 92 percent of the
population mean.
Kevlar-49/LRF-277. Residual SBS strength
results for the Kevlar-49/LRF-277 epoxy material
are shown in figure 9 as a function of the expo-
sure time and the exposure location. The results
shown in figure 9 indicate a 3- to 16-percent reduc-
tion in strength during the first 7 years of expo-
sure. After 7 years of exposure, the material exposed
at Hampton, Virginia, had a maximum strength
loss of 16 percent. The average strength loss was
a maxinmm at 12 percent after 7 years of expo-
sure. Tile statistical procedure was applied to all
of the Kevlar-49/LRF-277 material tested for SBS
strength. One outlier was observed in one of the
20 samples. The outlier, which determined the mini-
mum data value for the population, is 0.18 ksi lower
than the next data value. Review of thc test data
did not indicate a reason for this outlier to be ex-
cluded for the population. The computed Anderson-
Darling statistic of 2.40 exceeded the critical value
of 1.28; therefore, the sample distributions differ sig-
nificantly. The computed statistic for the equality-of-
variance test is 17.96, which is less than the critical
value. Because the within-samples variances are not
significant for the 0.05 significance level, the ANOVA
method was used to compute the B-value of 3.21 ksi.
The B-value and the minimum, maximum, and stan-
dard deviation vahms for the population are given in
table 10.
Kevlar- 49/CE-306. Residual SBS strength re-
sults for Kevlar-49/CE-306 epoxy material are shown
in figure 10 as a flmction of tile exposure tiine and
tile exposure location. The specimens for 10 years
of exposure at Ft. Greely, Alaska, were not returne(t
with the tray of specimens and could not be located.
Therefore, this data set contains only' 19 samples and
114 specimens. The data indicate an ll-percent vari-
ation caused by exposure location for 1, 3, and 7 years
of exposure. No significant trends are evident an(l
most of tile data fell within the scatter ban(l for the
baseline specimens. The statistical procedure was
applied to all of the material tested for SBS slrength.
No outliers were indicated in 19 samples of data.
The computed An(terson-Darling statistic of 1.54 ex-
ceeded the critical value of 1.29: therefore, the san>
pie distributions (lifter significantly. The computed
test statistic for the equality-of-variance test is 14..12,
which is less than the critical value of 28.87. Since the
within-samples variances are not significant at the
0.05 significance level, the ANOVA metho(t was use(t
to compute the 4.68 ksi B-value. The B-vahw and
the minimum, maxinnlm, and standard (teviation for
tile population are given in table 10.
T-300/E-788. Residual SBS strength results
for the T-300/E-788 graphite/epoxy material are
shown in figure 11 as a flmction of the exposure
time and the exposure location. The results (to
not indicate any significant tren(ts with the exposure
time or the exposure h)cation. The average residual
strength is equal to or exceeds the t)aselin( ' average
strength. The variation caused by location is t)e-
tween 5 and 10 percent. The statistical t)roce(lur( '
was applied to all the T-300/E-788 material teste(t
for SBS strength. Two outliers were indicated in two
different samples. Further investigation indicated
that both outliers were within the minimmn and
maximum values of tile total population. The com-
puted Anderson-Darling statistic of 1.35 exceeded
the critical vahm of 1.28; therefore, the sample (tistri-
butions differ significantly. The computed test statis-
tic for the equality-of-variance test is 30.49, which is
greaterthan the criticalvalueof 30.14.Thesedata




ing the B-valuewhenthe equality-of-variancet st
fails. Passingthe equality-of-variancet st is oneof
the assumptionsrequiredfor the ANOVAmethod.
The MIL-HDBK-17-1Csuggeststhat the ANOVA
methodcanoftenbeappliedsuccessfullywhenthis




B-valueof 10.3ksi isacceptableat 88percentofthe
populationmean.
The SBS strengthsof the exposedmaterials
havebeendeterminedby a statisticalprocedurede-
finedin MIL-HDBK-17-1Cto determinetheB-value
allowablesof compositematerials. The resulting
strengths,designatedB-values,are83to 92percent
of thebaseline(no-exposure)strengths.Theresult-
ing strengthsare8 to 10percentbelowthe mean
strengths.
Residual TensionStrength
Tension tests were conducted on the composite
materials to determine the effect of exposure time
and exposure site on the residual tension strength.
The mean tension strength and the standard devi-
ation for each exposure time and exposure site are
given in tables 11 through 14. The effect of expo-
sure location and the exposure time on the residual
tension strength of each material is presented in fig-
ures 12 through 15. Each figure also includes the
scatter band for the specimens tested to determine
the baseline strength. The residual strength shown
in the figures is the ratio of the mean failure stress to
the mean baseline tension strength for the material
type.
Kevlar-49/F-185. Residual tension strength
results for Kevlar-49/F-185 epoxy are shown in fig-
ure 12. All the average strengths of the exposed
specimens are within the baseline scatter band. No
significant trends were observed during the expo-
sure time. The statistical procedure noted above
was applied to all the data for Kevlar-49/F-185
material tested in tension. Four outliers were de-
termined in three different samples. Two of the
outliers were within the data limits for the popu-
lation. The other outliers were the minimum and
the next lowest value for the population. Review
of the test data did not indicate a reason for these
data to be excluded from the population. The com-
puted Anderson-Darling statistic of 1.67 exceeded
the critical value of 1.28; therefore, the sample dis-
tributions differ significantly. The computed test
statistic for the equality-of-variance test is 65.95,
which is greater than the critical value of 30.14.
These data have failed the equality-of-variance test.
The within-samples variances are significant for the
0.05 significance level. The MIL-HDBK-17-1C does
not currently have an approved method for comput-
ing the B-value when the equality-of-variance test
fails. Passing the equality-of-variance test is one of
the assumptions required for the ANOVA method.
The MIL-HDBK-17-1C suggests that the ANOVA
method can often be applied successfully when this
assumption is not met. Using the ANOVA method,
the B-value computed is 55.5 ksi, and it and the min-
imum, maximum, and standard deviation values for
the population are shown in table 15. The computed
value of 55.5 ksi is acceptable at 94 percent of the
population mean.
Kevlar-_ 9//LRF-277. Residual tension strength
results for the Kevlar-49/LRF-277 epoxy material
are shown in figure 13 as a function of the ex-
posure time and the exposure location. No sig-
nificant trends were observed during the exposure
time. The statistical procedure was applied to all
the Kevlar-49/LRF-277 material. One outlier was
observed in one of the 20 samples. The outlier was
within the maximum and the minimum of the popu-
lation. Review of the test data did not indicate a rea-
son for this outlier to be excluded for this population.
The computed Anderson-Darting statistic of 1.12 is
less than the critical vahm of 1.28; therefore, the test
is not significant for the 0.05 level. The batch distri-
butions arc not significantly different, and the sam-
ples should be treated as a single sample. Two out-
liers were indicated in the pooled data. These outliers
are the two lowest values in the pooled data. Review
of the pooled data does not indicate a reason that
these two points should be excluded from the pop-
ulation. The goodness-of-fit test of the pooled data
for the two-parameter Weibull distribution yielded
an OSL of 0.839. The computed B-value from the
two-parameter Weibull distribution is 79.1 ksi. The
B-value and the minimum, maximum, and stan-
dard deviation values for the population arc given in
table 15.
Kevlar-49/CE-306. Residual tension strength
results for Kevlar-49/CE-306 epoxy are shown in fig-
ure 14 as a function of the exposure time and the
exposure location. No significant trends are evident,
and all the average strengths for the exposed spec-
imens fall within the scatter band for the baseline
specimens.The statisticalprocedurewasapplied
to all the Kevlar-49/CE-306materialtestedin ten-
sion. Oneoutlier was indicatedin the 20 sam-
plesof data. This outlier is within the bounds
of the total populationof data. The computed
Anderson-Darlingstatisticof 1.45exceededthecrit-
ical valueof 1.28; therefore,the sampledistribu-
tionsdiffersignificantly.Thecomputedtest statis-
tic for the equalityof varianceis 30.51,which is
greaterthan thecriticalvalueof 30.14.Thesedata






tion areshownin table15. Thecomputedvalueof
58.9ksiisacceptableat 95percentof thepopulation
mean.
T-300/E-788. Residual tension strength re-
sults for the T-300/E-788 graphite/epoxy material
are shown in figure 15 as a function of the expo-
sure time and the exposure location. The results
do not indicate any significant trends with exposure
time. The average residual strength is equal to or
exceeds tile baseline average strength. The statisti-
cal procedure was applied to all of the T-300/E-788
material tested in tension. One outlier was indi-
cated ill one sample. Further investigation indicated
that the outlier was within the minimum and maxi-
muln values of the total population. The computed
Anderson-Darling statistic of 1.74 exceeded the crit-
ical value of 1.28; therefore, the sample distribu-
tions (lifter significantly. The computed test statis-
tic for the equality of variance is 30.96, which is
greater than the critical value of 30.14. These data
have failed the equality-of-variance test; therefore,
the within-samples variances are significant for the
0.05 significance level. Using the ANOVA method,
as recommended by MIL-HDBK-17-1C, the B-value
computed is 117 ksi, and it and tile minimum, maxi-
mum, amt standard deviation values for the popula-
tion are shown in table 15. The computed value of
117 ksi is acceptable at 91 percent of tile population
nlean.
The tensile strengths of the exposed materials
have been determined by a statistical procedure de-
fined in MIL-HDBK-17-1C to determine the B-value
allowables of composite materials. The resulting
strengths, desiglmted B-values, are 93 to 97 percent
of the baseline (no-exposure) strengths. The result-
ing residual strengths are 6 to 9 percent below tile
mean strengths.
Moisture Absorption
The amount of moisture that composite materials
absorb is a function of matrix and fiber type, tem-
perature, relative humidity, and exposure conditions.
The objective of these te_e the mois-
ture absorptio o_site materials when exposed
to various outdoor/- real-time environments. A sum-
mary of moisture absorption as a fraction of the com-
posite specimen weight for painted specimens that
were exposed for 3 to 10 years is tabulated in table 16
and shown in figures 16 through 19. Each data point
for the painted specimens (open symbols) shown in
the figures is the average of six replicates. A solid line
connects the average moisture absorption data points
for each set of data. Kevlar/epoxy materials absorb
four to five times more moisture than graphite/epoxy
materials because the Kevlar fibers absorb moisture.
The cause for the reduction in moisture absorption
at the tenth year is not evident. A number of rea-
sons could cause the reduction in moisture absorp-
tion, such as drought for a few months prior to re-
moval and improper handling in the drying process.
In general, the average values of moisture absorption
compare well with published values for moisture ab-
sorption by other Kevlar/epoxy and graphite/epoxy
material systems (ref. 4).
A suInnlary of the moisture absorption for un-
painted material specimens is given in table 17 and
shown in figures 16 through 19. Each data point
(filled symbol) for the unpainted material is from
a single specimen. A dashed line ctmnects the av-
erage moisture absorption data points for the un-
painted specimens for each exposure time. Tile
Kevlar-49/F-185 material absorbs approximately
0.5 percent nlore moisture when painted. Paint on
tile other Kevlar-49 material systems does not have
a significant effect on tile moisture absorption. Tile
painted T-300/E-788 graphite/epoxy material ab-
sorbs approximately 0.1 percent more moisture than
tile unpainted system.
Weathering
The effects of weathering on bare composite spec-
imens that were exposed at Hampton, Virginia, are
shown in figures 20 through 23. Each figure shows
the as-fabricated, 1-year, 3-year, 5-year, 7-year, and
10-year exposed specimens. The photographs shown
in these figures are a 15X magnification of the ex-
posed surface. The as-fabricated and 1-year expo-
sure views for Kevlar-49/F-185 material shown in fig-
ure 20 indicate that the surface fibers are coated with
resin. Some resin has been lost during the 1 year
7
of exposure,as notedby the reduceddefinitionof
the peelply pattern. The3-yearexposureviewhas
partsofthesurfaceplyyarnsexposedbecauseof the
weatheringof the surfacelayerepoxy. Epoxystill
remainsin thevalleysbetweentheyarncrimps.Af-
ter 5 yearsof exposure,all resinhasbeenwashed
fromthesurface,andsomefiberdamageis evident.
Moredamageof the surfaceis shownafter 7 years
of exposure.After 10yearsof exposure,only frag-
mentsof the surfaceply remain,and degradation
of the secondply, a 45° ply, hasstarted. Theas-




that a fewfibersareexposed.After3 years,all the
resinhasbeenwashedfrom betweenthe yarns,a,s
shownin figure21.Exposurefor 5 through10years
causedlossoftheouterplyandconsiderabledamage
to the secondply. TheKevlar-49/CE-306material
is shownin figure22. Thephotographof thespec-
imenafter 1 yearof exposureindicatesthat some
resinhasbeenwashedawayby the reduceddefini-
tion of the patternof the peelply usedin fabrica-
tion. Additionalresinis lostafter 3 yearsof expo-
sure,thusexposingthe crimpedfibersasshownin
figure22.After5yearsofexposure,onlysmallpock-
etsof resinremainin the lowestareas.Resinis also
washedfrom thesurfaceof theyarns.After 7 years
of exposure,all resinhasbeenwashedfromtheex-
posedsurface,andsomeof theyarnsarestartingto
fray. After 10yearsof exposure,the fill yarnsare




in figure23. By thethird year,thedefinitionof tile
peelply haswashedaway.Eachsucceedingexpo-
suretime through10yearshasan increasingnum-









ied. Resultsafter 10 yearsof groundexposure




90percentof thepopulationisexpectedto fall with
a 95-percentconfidencelevel.Theresultingresidual
strengthresultsaresummarizedasfollows:
1. Compression strengths are 80 to 89 percent of
the baseline (no-exposure) strengths.
2. The resulting residual strengths are approxi-
mately 8 percent below the population mean
strengths.
3. Short-beam-shear strengths are 83 to 92 per-
cent of the baseline (no-exposure) strengths.
The resulting residual strengths are 8 to
10 percent below the mean strengths.
4. Tensile strengths are 93 to 97 percent of the
baseline (no-exposure) strengths. The result-
ing residual strengths arc 6 to 9 percent below
the mean strengths.
Tile Kevlar-49/F-185 material absorbs approxi-
mately 0.5 percent more moisture when it is painted.
Paint on the other Kevlar-49 material systems does
not have a significant effect on moisture absorption.
The painted T-300/E-788 graphite/epoxy absorbs
approximately 0.1 percent more moisture than the
unpainted system.
The exposed composite specimens demonstrate
the need to protect unpainted composite materials
from long-term environmental exposure.





Detailed Test Results for Specimens
With 7 and 10 Years of Environmental
Exposure
This appendixpresentsthe detailedresultsfor


















the followingtablesand figures:table A1 and fig-
ureA1for Kevlar-49/F-185,tableA2 andfigureA2




Short-beam-shear (SBS) tests were conducted on
specimens that have been exposed for 7 and 10 years
to determine the effects of exposure time and expo-
sure site on the residual SBS strength. The results
of tests on the exposed SBS specimens are given in
the following tables and figures: table A5 and fig-
ure A5 for Kevlar-49/F-185, table A6 and figure A6
for Kevlar-49/CE-306, table A7 and figure A7 for
Kevlar-49/LRF-277, and table A8 and figure A8 for
T-300/E-788. The 10-year exposure specimens at
Ft. Greely, Alaska, for the Kevlar-49/CE-306 were
apparently lost or removed from the rack at s()me
unknown time.
Residual Tension Strength
Tension tests were conducted on specimens that
have been exposed for 7 and 10 years to determine
the effects of exposure time and exposure sit(, on
the residual tensile strength. The results of tests
on the exposed tension specimens are given in the
following tables and figures: table A9 and figure A9
for Kevlar-49/F-185, table A10 and figure A10 for
Kevlar-49/CE-306, table All and figure All for
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Table 1. Mean Compression Failure Stress and Standard Deviation
for Painted Kevlar-49/F-185 After Environmental Exposure
Exposure Exposure




























































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA for Hampton,
Virginia, Can for Toronto, Canada, and AK for Ft. Greely, Alaska.
Table 2. Mean Compression Failure Stress and Standard Deviation
for Painted Kevlar-49/LRF-277 After Environmental Exposure
Exposure Exposure Mean failure Standard
location a time, yr stress, psi deviation, psi
GF 1 20810 635
3 19 140 1241
LA 1 21052 921

















































_Locations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA for Hampton,




Exposure Exposure Mean_ilure Standard
locationa time, yr stress, psi deviation, psi
GF 1 17815 497
3 17796 915



































_Locations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA

















Table 4. Mean Compression Failure Stress and Standard Deviation
for Painted T-300/E-788 After Environmental Exposure
Exposure Exposure Mean failure Standard
location a time, yr stress, psi deviation, psi
GF 1 126 787 9546
3 117724 8282
LA 1 130437 6510

















































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA for Hampton,
Virginia, Can for Toronto, Canada, and AK for Ft. Greely, Alaska.
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Table5. Compression Strength After Environmental Exposure
[All values for properties shown are in ksi]
Material































Table 6. Mean Short-Beam-Shear Failure Stress and Standard Deviation
for Painted Kevlar-49/F-185 After Environmental Exposure
Exposure Exposure Mean failure Standard
location a time, yr stress, psi deviation, psi
GF 1 5717 116
3 6011 271



































OLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana,




















Exposure Exposure Meanfailure Standard
locationa time, yr stress, psi deviation, psi
GF 1 3501 109
3 3384 143



































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA

















Table 8. Mean Short-Beam-Shear Failure Stress and Standard Deviation
for Painted Kevlar-49/CE-306 After Environmental Exposure
Exposure Exposure Mean Nilure Standard
location a time, yr stress, psi deviation, psi
GF 1 5157 229
3 5239 437


































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA



















Exposure Exposure MeanNilure Standard
locationa time, yr stress, psi deviation, psi
GF 1 ll 443 638
3 ll 642 279


















































aLocations arc GF for Gulf of Mexico, LA for Cameron, Louisiana, VA for Hampton,
Virginia, Can for Toronto, Canada, and AK for Ft. Greely, Ala_ska.
Table 10. Short-Beam-Shear Strength After Environmental Exposure
[All values for properties shown are in ksi I
Material



































Exposure Exposure Meanfailure Standard
locationa time, yr stress, psi deviation, psi
GF 1 57 826 2115
3 59 227 1686
LA 1 58 549 1636



















_Locations are GF for Gulf of Mexico, LA for


































Table 12. Mean Tension Failure Stress and Standard Deviation for
Painted Kevlar-49/LRF-277 After Environmental Exposure
Exposure Exposure Mean _ilure Standard
location a time, yr stress, psi deviation, psi
GF 1 83 055 7326
3 85719 3565



































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA




















Exposure Exposure Meanfailure Standard
locationa time, yr stress, psi deviation, psi
GF 1 61 382 1319
3 61436 2183
LA 1 61208 1724


































aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA

















Table 14. Mean Tension Failure Stress and Standard Deviation
for Painted T-300/E-788 After Environmental Exposure
Exposure Exposure Mean failure Standard
location a time, yr stress, psi deviation, psi
GF 1 123086 8012
3 127850 7676
LA 1 122 772 3 163






































5 136 193 5
7 132 673 4




aLocations are GF for Gulf of Mexico, LA for Cameron, Louisiana, VA for Hampton,




































aMaterial did not meet all necessary requirements.
Table 16. Percent Weight Loss of Painted Specimens After Exposure
[All values are average of six data points]
(a) Percent weight loss of Kevlar-49/F-185 and Kevlar-49/LRF-277
Weight loss, percent, for Weight loss, percent, for
Kevlar-49/F-185 with Kevlar-49/LRF-277 with
exposure time, yr, of exposure time, yr, o_































Average 2.40 2.32 1.93 2.15
(b) Percent weight loss of Kevlar-49/CE-306 and T-300/E-788
Weight loss, percent, for Weight loss, percent, for
Kevlar-49/CE-306 with Kevlar-49/T-300/E-788 with
exposure time, yr, of--- exposure time, yr, o_














































exposuretime,yr, oL exposuretime,yr, of
































Average 1.80 1.90 2.23 2.12
(b) Percent weight loss of Kevlar-49/CE-306 and T-300/E-788
Weight loss, percent, for Weight loss, percent, for
Kevlar-49/CE-306 with Kevlar-49/T-300/E-788 with
exposure time, yr, of- exposure time, yr, o_
































Average 1.81 2.05 0.62 0.59
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TableA1. CompressionStrengthof Painted Kevlar-49/F-185 After Environmental Exposure
(a) Specimens from exposure site at Hampton, Virginia
Specimen Exposure Width, Thickness, Failure Failure









































































(b) Specimens from exposure site at Toronto, Canada
Specimen Exposure Width, Thickness, Failure











































































(c) Specimens from exposure site at Ft. Greely, Alaska
Specimen Exposure Width, Thickness, Failure Failure










































































TableA2. CompressionStrengthof Painted Kevlar-49/CE-306 After Environmental Exposure
(a) Specimens from exposure site at Hampton, Virginia
Specimen Exposure Width, Thickness, Failure Failure









































































(b) Specimens from exposure site at Toronto, Canada
Specimen Exposure Width, Thickness, Failure Failure









































































(c) Specimens from exposure site at Ft. Greely, Alaska
Specimen Exposure Width, Thickness, Failure Failure










































































TableA3. CompressionStrengthof Painted Kevlar-49/LRF-277 After Environmental Exposure
(a) Specimens from exposure _site at Hampton, Virginia
Specimen Exposure Width, Thickness, Failure Failure









































































(b) Specimens from exposure site at Toronto, Canada
Specimen Exposure Width, Thickness, Failure Failure









































































(c) Specimens from exposure site at Ft. Greely, Alaska
Specimen Exposure Width, Thickness, Failure Failure










































































TableA4. CompressionStrengthof PaintedT-300/E-788After EnvironmentalExposure
(a) Specimensfromexposuresiteat Hampton,Virginia
Specimen Exposure Width, Thickness, Failure Failure









































































































































































































































Specimen Exposure Width, Thickness, Failure Failure










































































Specimen Exposure Width, Thickness,






































































































Width, Thickness, Failure Failure




















































Specimen Exposure Width, Thickness, Failure Failure
























































































































































(c) Specimens front exposure site at Ft. Greely Alaska
Specimen Exposure Width, Thickness, Failure Failure

































































Specimen Exposure Width, Thickness, Failure Failure












































































































































































































































TableA8. Short-Beam-ShearSt engthof PaintedT-300/E-788AfterEnvironmentalExposure
(a) Specimensfromexposuresiteat Hampton,Virginia
Specimen Exposure Width, Thickness, Failure Failure






























































































































































(c) Specimens from exposure site at Ft. Greely, Alaska
Specimen Exposure Width,


















































































Specimen Exposure Width, Thickness, Failure Failure










































































Specimen Exposure Width Thickness, Failure Failure









































































(c) Specimensfromexposuresiteat Ft. Greely,Alaska
Specimen Exposure Width Thickness, Failure Failure












































































Specimen Exposure Width, Thickness, Failure Failure










































































Specimen Exposure Width, Thickness Failure Failure































































































































































Specimen Exposure Width, Thickness, Failure Failure









































































(b) Specimens from exposure site at Toronto, Canada
Specimen Exposure Width, Thickness, Failure Failure









































































(c) Specimens from exposure site at Ft. Greely, Alaska
Specimen Exposure Width, Thickness, Failure Failure















































































































































Specimen Exposure Width, Thickness, Failure Failure
































































































































































Fig, ure 1. Location of exposure racks.





No Are data from same population? Yes
(k-sample Anderson-Darling test)
Are variances of [., ]
Investigatepopulations equal? sources




l Test pooled datafor outliers
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Figure 4. Effect of exposure time and location
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Figure 5. Effect of exposure time and location
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Figure 6. Effect of exposure time and location
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Figure 7. Effect of exposure time and location on
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igure 8. Effect of exposure time and location oll
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Figure 9. Effect of exposure time and location on
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gure 10. Effect of exposure time and location on
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Figure 11. Effect of exposure time and location oil
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Figure 12. Effect of exposure time and location on
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Figure 13. Effect of exposure time and location
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Figure 14. Effect of exposure time and location on
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Figure 15. Effect of exposure time and location on
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Figure 19. Moisture absorption of T-300/E-788
composite material.
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As-fabricated specimen 1-yr exposure
3-yr exposure 5-yr exposure
7-yr exposure 10-yr exposure
Figure 20. Effects of outdoor exposure on unpainted Kevlar-49/F-185 composite material exposed at lIamt)ton,
Virginia (15 x magnification).
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As-fabricated specimen 1-yr exposure
I
3-yr exposure 5-yr exposure
7-yr exposure 10-yr exposure
Figure 21. Effects of outdoor exposure on unpainted Kevlar-_19/l.FtF-277 composite material ext)osed at
Hamt)ton, Virginia (15 × nlagnification).
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As-fabricated specimen 1-yr exposure
3-yr exposure 5-yrexposure
7-yr exposure 10-yr exposure
Figure 22. Effects of outdoor exposure on unpainted Kcvlar-49/CE-306 composite material exposcd at
Hampton, Virginia (15 × magnification).
4O
As-fabricated specimen 1-yr exposure
3-yr exposure 5-yr exposure
7-yr exposure 10-yr exposure
Figur(_ 23. Effects of outdoor exposure on unt)ainted T-300 graphite/E-788 _'t)oxy comt)osite material exposed
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(e) Ft. Greely, Alaska.
Figure AI2. Residual tension strength of T-300 graphite/E-788 epoxy specimens exposed at locations shown.
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